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1 Introduction

Backscattering of laser radiation on relativistic electrons is clearly associated with the Compton
effect, the fundamental process of quantum electrodynamics with accurately established features.
With proper selection of a laser source average wavelength of its highly monochromatic radiation
may be considered as the constant, known with absolute accuracy at the few ppm level or even better.
Hence, the energy spectrum of backscattered photons becomes dependent solely on the electron
Lorentz factor y = E/m, allowing its accurate determination. Apparently, the first conscious
application of this approach was elegantly realised at the Taiwan Light Source [1], where the mean
electron beam energy was measured with accuracy of 0.13%. The scattering of CO, laser radiation
with 4 = 10.6 um head on the 1.3 GeV electron beam produces narrowly directed backscattered
photons with energies up to ~ 3 MeV. At these energies a coaxial HPGe! detector has still sufficient
total absorption efficiency of few % and excellent energy resolution (~ 0.05%), which is less or
comparable with the energy dispersion of the electrons in the beam. Another essential component of
the success is the accurate calibration of the detector energy scale by nuclear radioactive y-sources.
Taken together these conditions impose restrictions on the energies of backscattered photons, which
should not exceed 10 MeV or so. Practically it means that with a CO, laser radiation the maximum
measurable electron energy is limited from above at the level of about 2 GeV. Possible way to
overcome this limit within the same approach could be the use of far infrared lasers [2]. Even
with this important constraint, application of the method on the other installations did not have
long to wait due to its relative simplicity and rather high accuracy. At BESSY-I, II storage rings
the precisions of 100 ppm and 30 ppm were achieved [3, 4] for the beam energy measurements at
800 and 1700 MeV, respectively. A substantial increase in measurement accuracy was obtained by
more thorough analysis of the energy spectrum of backscattered photons. Due to the large number
of existing synchrotron radiation facilities, the application of the approach became widespread, see
e.g. [5-7].
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No doubt that beam energy measurement is an attractive opportunity for the experiments with
colliding beams. Good knowledge of the c. m. s. energy in lepton colliders had always been
a tremendous advantage for precise measurements of particle masses and energy dependencies of
cross sections. By now, the application of the laser backscattering for the beam energy determination
has been implemented at three colliders: VEPP-4M [8], BEPC-II [9] and VEPP-2000 [10].

Atthe VEPP-4M collider the beam energy measurement system [ 11] was commissioned in 2005
on the basis of the ROKK-1M facility [12]. The goal of the system was the continuous monitoring of
the beam energy in the long lasting experiment on the t-lepton mass determination [13]. Since the
VEPP-4M collider has a single vacuum chamber for both electrons and positrons, only the energy of
electrons was measured. From a methodological point of view, a unique feature of the experiments
on the VEPP-4M collider is that there are two completely independent approaches for precise beam
energy determination. Application of the resonance depolarization technique [14] had become a
routine procedure during the experiments with the KEDR detector [15]. A lot of cross checks were
made [16] in order to establish precise energy scale in the energy range of c-7 physics.

In 2010 the first experiment was held with the new beam energy determination system on the
BEPC-II collider. This system is more complex, cause it was designed for alternating separate
measurements of the beams energies in the electron and positron rings [17-19]. The HPGe detector
is installed in the north interaction point of the collider, and the laser beam could be delivered for
interaction with either electrons or positrons. Since the laser backscattering is the only method
for absolute beam energy calibration at BEPC-II, the necessary cross checks are possible due to
precise measurements of J/y and y(2S) mesons masses [20]. At the BEPC-II collider yet another
measurement of the t-lepton mass was performed in 2011 [21].

The last (in chronological order) beam energy calibration system was commissioned in 2012
at the VEPP-2000 collider [22]. The circumference of this machine is rather small (24.4 m), so it
was impossible to find a straight part of the beam orbit for the laser-electron interaction. Therefore
quite unusual scheme was realised when the scattering of laser radiation occurs inside the bending
magnet. Due to this reason we have observed rather unexpected shape of the energy spectrum of
backscattered photons. The explanation however was found soon after the first measurements [23].
It was revealed that such a scheme allows to measure not only the average beam energy and energy
spread, but the bending field strength directly in the interaction area.

Detailed descriptions of the systems listed above and examples of their application in physical
experiments may be found in the references [11, 17, 19, 23]. In this report we describe the common
features of these installations, focusing on the details of the data acquisition and analysis.

2 Absolute measurement of y-rays energies by HPGe detector

Absolute measurement of y-ray energies becomes possible after the procedure of energy scale
calibration. We use coaxial HPGe detectors for backscattered photons and these detectors are
usually located in close proximity of high energy and high current electron/positron beams. Due to
unavoidable beams losses, electromagnetic showers produce neutrons in the photo-nuclear reactions
and these neutrons can damage the detector, therefore the use of n-type detectors is preferable. As
it was already mentioned above, the possibility of precise measurements of y-rays energies is based
on existence of nuclear isotopes with extremely monochromatic y-radiation [24]. Our application



requires the knowledge of the energy scale in a wide range, i.e. from hundreds to thousands keV.
In table 1 there is a list of the primary calibration sources, which we use for HPGe detector energy
scale determination in all of our experiments.

Table 1. The list of primary calibration lines.

Source Decay half-time, years | y-rays energies, keV | Reference

137¢g 30.07 661.657 + 0.003 [25]
1173.228 + 0.003

e 5.27 25

© 1332492 £ 0.004 | 2!
583.187 + 0.002

228Th (298] 1.91 (3 mi 26

T 91 (3 min) 2614.511 +0.010 | 20

The radioactive calibration sources are located near the detector as it is shown in figure 1, where
the thick arrow represents the beam of laser backscattered photons. The individual adjustment of
the counting rate of each calibration y-source is achieved by varying the distance and insertion of
lead plates between the source and the detector.

—
The outer The backscattered
electrode laser photon beam

HPGe

|

HPGe

Approx. scale ~ 7 cm

The inner The lead Calibration
electrode plates y-ray sources

Figure 1. HPGe detector, calibration sources, beam of backscattered photons.

In order to extend our understanding of the detector energy scale towards higher energies, we
use the 233Pu/!3C source made by RITVERC GmbH.2 This source of high-energy y-rays is based
on the *C(«, n) —'°0* reaction with a-particles originating from 23¥Pu decays (decay half-time
is 87.74 years). Excited oxygen via transition to the ground state emits y-rays with the energy
E, = 6129keV. Per 4r solid angle typical photon/neutron outputs are 2 - 10°s™' and 5-10° s7!
correspondingly at nominal source activity of 500 mCi.

In table 2 there is a compilation of different results on the subject of precise value of y-rays
energy emitted by this source. In the first line of table 2 the corrected E, reflects the present values
of mass excess for neutron, 2H and 3H [31]. The correction in the second line is due to the change

2www.ritverc.com.
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Table 2. The energy of photons E, emitted by (37; 0) excited level of 160,

N Reaction | Reported energy [keV] | Year, reference | Corrected E, [keV]

1 IN(B)1%0 | E, = 6129.170 + 0.043 1975, [28] E, = 6129.03 +0.04
2 BC(a,n)'0 | E, =6129.266 £0.053 | 1981,[27] | E, = 6129.24 +0.05
3 YF(n,@)'°0 | E, = 6129.119+0.040 | 1986, [29] | E, =6129.12 +0.04
41 (37;0)°Olevel | Ex =6129.893+0.040 | 1993,[30] | E, = 6128.63 +0.04

in the present reference value of the energy of '*®Au y-rays. Here we would like to mention that
the energy E, in the last line of table 2 is definitely in contradiction with the values in the first three
lines. It is not clear from [30] how this value was obtained and why it is so different.

2.1 The shape of the photopeak

The detector charge-sensitive preamplifier is connected to the digital signal processing unit DSPEC
Pro,3 whose integral and differential nonlinearities are +250 ppm and +1% correspondingly accord-
ing to factory specifications. In order to reduce the influence of electronics nonlinearity (including
preamlifier) to our measurements, we use a precision pulse generator PB-54 with the integral non-
linearity of +15 ppm. The PB-5 output is connected by the “test” input to the first cold cascade of
preamplifier. The pulser is controlled by a simple computer code, whose role is to switch the pulse
amplitudes according to a manually determined table of voltages. The repetition rate of pulses is
about 50 Hz and the jumps between different voltages in the table occurs every few seconds.
The response of a y-ray spectrometer to monochromatic excitation we define as:

fx) =

279 2) :
2% {eXP( x*[20%) ifx > 0; 2.1)

OR + 0L |exp (-x?/207) ifx <0.

Here x = E — Enax is the difference between the energy deposition in the detector and its most
probable value. og (right) and o (left) describe the spectrometer resolution including possible
asymmetry. The photopeaks from monochromatic radio-nuclide y-rays in the energy spectrum
obtained from HPGe spectrometer are then described by the function:

f(x) if x =>0;
g(x)=B+A (2.2)
C+(1-O)f(x) ifx=<0;
where A is the amplitude and B is the background level. Parameter C describes the influence of
low-angle Compton scattering in the material between the source and the detector and depends on
calibration setup geometry. Examples of the measured calibration photopeaks with fitting curves
are shown in figure. 2. The fit function is defined by eq. (2.2). The energies on the x-axis of the
plots is derived from MCA channels according to the linear transformation:

E, [keV] = zero [keV] + gain [keV] - ch, 2.3)

where zero is the pedestal and gain is the calibration coefficient.

3www.ortec-online.com.
+www.berkeleynucleonics.com/model-pb-5.
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Figure 2. The results of fitting the photopeaks from calibration y-rays by the function defined in eq. (2.2).

2.2 The energy resolution model

After fitting of all of the y-peaks founded in the measured energy spectrum, the obtained parameters
and their errors are stored inside the internal memory of the analysis software. Figure 3 is the plot

of resolution parameters og and o, versus E,.
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Figure 3. The spectrometer energy resolution. Red circles are from the calibration y-ray lines listed in
table 1. The values of og are drawn at positive energies while the values of o7, — at negative, just for better
visualization. The red solid line is the result of the combined fit by the functions (2.4a) and (2.4b). Blue
squares correspond to y-ray lines not used for calibration, namely “°K 1460 keV line, '°0 6129 keV line from
238pu/13C source and 847 keV line of Y°Co/**Mn, produced in surrounding materials by the neutrons emitted
by this source. Green triangles are from pulser calibration peaks: they are fitted by a constant (dashed green
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The og and o, dependencies from E, are parameterized as follows:

OR = ‘/pé + p1€eE, (2.4a)

oL = \/p(z) +pi1eEy + pa(p3 — Ey)2 ) (2.4b)

where og and o, are in [keV], po is the noise impact to the resolution, € = 2.96 eV is the electron-
hole pair creation energy in Ge and p is the dimensionless parameter known as Fano factor [32] (still
a free parameter for fitting). The last two parameters, p, > 0 and p3 serve for an account of ballistic
deficit and charge carrier trapping effects in HPGe, both leading to asymmetric energy response of
the spectrometer. A way to account for these effects in eq. (2.4b) was founded empirically. The
plots of og and o, vs E, are fitted by combined fit with common parameters pg and p;. Apparently,
positive value of p3 obtained from the fit indicates substantial contribution of charge carrier trapping
effect to the energy response of the spectrometer, i.e. it is a symptom of the neutron damage of
the HPGe. It can be concluded from figure 3 that the shape of the 1460keV line of “°K is not
well described by expression (2.2) probably because of rather unclear irradiation geometry. This
remark applies even more to the single and double escape peaks (not shown in figure 3) making
them impossible to use for scale calibration within this approach. A good coincidence between the
result of the fit and the points from 6129keV line of >3¥Pu/!3C source, not accounted by the fit,
shows that the energy resolution model and procedure in whole are strong enough to determine the
response function parameters even at high energies.

Figure 4 shows the shapes of one of the pulser peaks (left) and the 6129 keV line photopeak
(right). The pulser peaks are fitted by expression (2.2) with or = 07 = Opuser, C = 0. The
6129 keV line will be used to check our ability of measuring the energies in absolute scale.
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Figure 4. The fits of the “5902 keV” pulser peak (left) and 6129 keV photopeak (right).

2.3 Curved ruler approach for absolute scale determination

Accurate absolute measurement of the y-rays energies is performed via two steps: a) linear scale
calibration with lines from the table 1 and b) correction of the electronics nonlinearity by precision
pulser signals. The result of such a procedure is shown in figure 5. First we adjust the bin-to-keV
linear conversion parameters (zero and gain in expr. (2.3)) and redefine the x-axis of the histogram
accordingly. The discrepancies between the peaks energies obtained from the fits and corresponding
reference energies from table 1 (Epr — Ergr) are shown vs E,, = Epy in figure 5 by red circles.



The zero and gain parameters are defined in such a way that linear fit to (Egrt — Ergr) Vs Ey equals
zero. The errors bars are defined by both the statistical uncertainties obtained from the fits and the
accuracies of the reference energies. These errors define the confidence interval of the absolute
energy scale calibration at any certain energy measured by the spectrometer.

Err - Erer [keV]

—@— referencelines
: : : —a—— pulser lines
EER S SRR SO —@— other lines

o

N
|
>

000
E, [keV]

Figure 5. The spectrometer energy scale calibration. Red circles are obtained from the calibration vy-ray
lines from table 1. Green triangles are from pulser peaks in the spectrum. Blue squares — see the text below.

As for the pulser lines in the spectrum, we use linear conversion for the set of the pulser
amplitudes A; to corresponding energies: E%F [keV] = Py [keV] + Py [keV/V] - A; [V]. All of the
pulser peaks in the spectrum are fitted (see e.g. figure 4) and the E}(JI)T
point. The dependence (E}(JI)T - El(zil)aF) Vs E, = E}(JI)T is fitted by the univariate spline, see figure 5.

Then the Py and P; parameters are adjusted to minimize the difference between this line and the

energies are assigned to each

points of absolute calibration (red circles in figure 5).

The above procedure is based on the assumption that all the integral nonlinearity in energy
determination is caused by electronics. We can verify the accuracy of this assumption by application
of our procedure for the measurement of a known energy line. In figure 5 there are two points
(blue squares) corresponding to the Ergr = 846.764 + 0.002keV line of SMn/*°Co and the
Ergr = 6129.08 + 0.04 keV line of '°0. The former point support our hypothesis: obtained energy
shift is perfectly explained by the electronics nonlinearity. The value of Ergp for the latter point is
taken as the average between the second and the third lines of table 2 while there is no significant
contradiction with the first line also. But we are forced to conclude that either our procedure is
wrong either the ERrgr in the last line of table 2 is incorrect.

3 The backscattered laser photons

The energy spectrum of monochromatic laser photons with energy wg backscattered on ultra-
relativistic electrons with energy E has singularity near the maximum possible energy wmax defined



by the relativistic scattering kinematics:

4(1)0E
, Where k =
+ K m?

Wmax = E (3.1)
and m is the electron rest energy. However the electrons in the beam have normal energy distribution
described by the mean energy Ey and r. m. s. beam spread parameter og. It will give additional
blurriness for the y-rays energies near wpayx, defined by the derivation of eq. (3.1):

2+ Kx)k
(1 + k)2 IE-

3.2)

Ow(Wmax) =

The joint effect of the normal distribution with the mean value of photon energy wmax(Ep) and
r. m. 8. width o, (wmax) and the asymmetric spectrometer response function (eq. (2.1)) is defined
by their convolution. It can be calculated analytically:

-x2/2 —XOR/0w -x2/2 xop /o
exp | — | erfc | ————= exp erfc

2 2 2 2
,/2(0’1% +02) ,/2(0’2 +02)

O+ 0% o + 05
S(x) = + , (3.3)
(1+or/oR) ZH(O'I% +02) (1+or/or) 27r(0'i +02)

where x = E, — wmax(Ep). In case when the laser wave is scattered on a free electron (e.g. at VEPP-
4M and BEPC-II) with a certain energy E, the energy spectrum of backscattered laser photons is
described as:

F(x)=A(l + A'x + A" x?) / 5(y)dy + H(1 + H'x), (3.4)

where 6(y) is the Dirac delta function. Amplitudes A, A’ and A" are introduced in order to
account for laser-electron beams scattering intensity, differential cross section near x = 0, Compton
scattering of backscattered photons in the materials between the scattering area and the detector,
detector efficiency and its slope, out-of-photopeak counts, etc. Amplitudes H and H’ describe the
hard beam background radiation unrelated to laser backscattering. In case when the laser-electron
interaction occurs inside the bending magnet with the transverse magnetic induction B (the case
at VEPP-2000), the spectrum shape near wpy,x is more complex. For the explanation please refer
to [23] while here we use the final result of those considerations to describe the spectrum shape:

G(x) = A(1 + A’x + A”x?) [ Ai(y)dy + H(1 + H'x), (3.5)
z

where Ai(y) is the Airy function. The meanings of A and H amplitudes are the same as in eq. (3.4)
and variable z is defined as

B E 4wy E
zZ= f% ((M/K)% - (K/M)%), where & = 4%—0 Y and k= 2020

- 3.6
B> "TE-E, m? (3:0)

The constant parameter By = 4.414 - 10° [T] is the Schwinger field strength.



When the free electron is scattered (B = 0, the case of VEPP-4M and BEPC-II) the fit of
the edge of the energy spectrum of backscattered laser photons is performed by the convolution of
egs. (3.3) and (3.4): N(x) = F(x) = S(x). The parameters og and o, are fixed during fitting and
obtained from the results of the calibration of y-ray spectrometer energy resolution (figure 3). The
Wmax> Ow» A, A’, A”, H, H' are free parameters and their values are obtained from the fit results.
The values of Ey and o are obtained from wpyx and o, using the relations (3.1) and (3.2).

When B # 0 (like at the VEPP-2000), the fit is performed by the convolution of eqgs. (3.3)
and (3.5): N(x) = G(x) = S(x). The only difference from the previous case is that £y and B become
the parameters of the fit function and their values are obtained directly from the fit results. The
examples for both cases are presented in figure 6, including the corresponding experimental spectra,
fit functions and the results of the mean beam energy and beam energy spread determination.

electron: 2017.05.11 [10:13:01 - 13:11:36) 2017.05.11. Live-time: 0 hours 53 min 56 s (5 files). porridge: 2017.02.01 (23:56:58 - 02:27:03] 2017.02.02. Live-time: 2 hours 2 min 30's ( files)

X?NDF = 114.9/125 (Prob: 0.731) 2000[» = X2INDF = 406.2/322 (Prob: 0.001)

0 = 6067.29 £ 0.46 keV

4000

1800 A —— X4NDF = 274.5/321 (Prob: 0.972)

0, = 1.61keV; o = 2.53keV

1600

3500 ——— Eyean = 846.778 £ 0.035 [MeV]

Opean = 788 £0.65keV
1400

3000 can = 184256 £ 0.07 MeV

1200
0.=1196 = 99 keV

5 - 1000
‘%\ 800

600
\ 400
\%‘WW"‘ 200
1000 - oy - - . e P T T N N

1 L L I I L L I i 1 LS O T |
5800 5900 6000 6100 6200 6300 300 2350 2400 2450 2500 2550 2600 2650 2700
E, [keV] E, [kev]

——— Rygan = 13840  0.57[cm]

‘ — 0= 716+ 59[keV]

2500

2000

Wm

1500

Figure 6. The fits of the edges of the spectra of backscattered laser photons. The one on the left was obtained
at the BEPC-II collider using CO, laser radiation with wavelength in vacuum A = 10.591035um. The one
on the right was obtained at the VEPP-2000 collider using CO laser radiation with wavelength in vacuum
A =5.426463 um.

4 Conclusion

We have described our experience of the absolute beam energy measurement in colliders by the
laser backscattering approach. The procedure of HPGe detector energy scale calibration is based
on the nuclear sources of y-rays while the nonlinearity of the electronics is corrected by precision
pulser. This approach could be considered as the accurate energy scale transfer from optics (laser
radiation wavelengths, ~ eV scale) through the nuclear spectroscopy (nuclear y-ray sources for
detector calibration, ~ MeV scale) to the scale of particle masses in the range up to ~ 2 GeV.
Achieved accuracy of beam energy determination at three lepton colliders is not worse than 50 keV.
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